Aneurysmal disease involving the origins of supra aortic vessels often requires complex open and/or endovascular repair that is not only associated with significant risk of mortality and morbidity but also often with perioperative blood loss requiring transfusion. We report a successful repair of a large thoracic aortic aneurysm (TAA) involving the aortic arch with a custom-made Bolton Relay 2-vessel branched thoracic aortic endograft in a 42-year-old Jehovah's Witness who would otherwise be very unlikely to survive an open repair. Branched thoracic aortic endografting offers a potentially safe, minimally invasive, and effective alternative for TAA disease involving the supra-aortic arteries, especially in patients who are at high risk of open surgery.
Introduction
Aneurysmal disease involving the supra-aortic vessels remains a challenging problem, often requiring complex open and/or endovascular repair that is associated with a significant risk of mortality and morbidity. 1, 2 Open repair is also associated with significant perioperative blood loss requiring transfusion. 3 Less invasive strategies involving endovascular techniques such as chimney, scallop, fenestrated and branched endografting, as well as hybrid procedures which include debranching of arch vessels, and elephant trunk techniques have also been described. 1, 2, [4] [5] [6] [7] [8] Although the long-term outcomes for these less invasive strategies remain unclear, they offer potential alternatives to patients who are not suitable for open repair including those who decline blood transfusion. We report successful use of a modular branched sent graft to treat a Jehovah's Witness patient with a large thoracic aneurysm and relative hostile anatomy who would be otherwise unsuitable for open repair.
Case Report
Our institution does not require ethical approval for retrospective reporting individual cases. Written informed consent was obtained from the patient(s) for their anonymized information to be published in this article.
A 42-year-old man was referred by another regional vascular center with an incidental and asymptomatic large thoracic aortic aneurysm (TAA) involving a type III aortic arch. The patient was a Jehovah's Witness and declined all forms of blood transfusion other than cell salvage even in life-threatening situations. On that basis, he was turned down for open surgery by the cardiothoracic and vascular surgeons of the referring hospital.
His medical history included hypertension and hypercholesterolemia. He was on regular clopidogrel, amlodipine, and atorvastatin. He was a smoker of 5 cigarettes/day for the last 20 years (5 pack-years). Clinical examination was generally unremarkable with no obvious features of any connective tissue disorder. The preoperative blood tests including full blood count, coagulation profile, and hematinics were unremarkable. The renal function tests were as follows: creatinine 1 mg/dL, blood urea nitrogen 15 mg/dL, and estimated glomerular filtration rate >90 mL/min. The liver function tests were as follows: albumin 4 g/dL, total protein 8 g/dL, alanine aminotransferase 32 U/L, and alkaline phosphatase 96 U/L. His inflammatory markers including C-reactive protein (6.3 mg/L) and erythrocyte sedimentation rate (25 mm/h) were not raised. The vasculitis screen was negative including antineutrophil cytoplasmic antibody, antinuclear antibody, and rheumatoid factor.
The preoperative blood tests including full blood count, renal function, electrolytes, liver function, coagulation profile, and hematinics were unremarkable. His inflammatory markers were not raised and vasculitis screen was negative. Stress transthoracic echocardiography and pulmonary function tests were also unremarkable.
Preoperative computed tomography angiography (CTA) demonstrated a 100-mm TAA involving a type III aortic arch which included the origins of all supra-aortic vessels: the innominate artery (IA), left common carotid artery (CCA), and left subclavian artery (LSA). The aneurysm extended to the distal descending thoracic aorta (Figures 1 and 2) . The aortic arch is described as type III reflecting its tight angulation in this patient. The arch type is defined according to the vertical distance between the origin of the IA and top of the arch. In type I arch, the distance between the origin of IA and top arch is <1 diameter of CCA, type II with distance 1 to 2 diameter of CCA, and type III with distance >2 diameter of CCA. 9 The upper abdominal aorta exhibited an Sshaped tortuous configuration with two 90
angulations. The abdominal aorta was not aneurysmal. The extracranial, visceral, renal, iliac, and femoral arteries were generally unremarkable.
The case was discussed in the institution's vascular multidisciplinary team meeting. The involvement of the entire aortic arch mandated aortic arch reconstruction to create a suitable proximal landing zone. Any debranching procedure requiring thoracotomy was considered to be too high risk for life-threatening blood loss requiring transfusion. Therefore, a decision was made to offer a custom-made 2-vessel branched thoracic endograft accommodating the IA and left CCA, debranching of the LSA, and extra-anatomical revascularization with a left carotid-subclavian bypass.
The patient was assessed by anesthetic and hematology teams preoperatively. He was commenced on daily oral ferrous fumarate 2 weeks prior to the procedure. We were advised against recombinant erythropoietin supplementation as his preoperative hemoglobin level was within normal range. Clopidogrel was discontinued 10 days prior to surgery.
The procedure was performed under general anesthesia with spinal drainage. An open left carotid-subclavian artery bypass with a 7-mm Dacron graft (Vascutek Ltd, Renfrewshire, United Kingdom) was performed through a left supraclavicular incision. A separate left CCA access conduit with a 7-mm Dacron graft was formed distal to the carotidsubclavian bypass. A surgical cutdown to the right common femoral artery was carried out for access. An access conduit was also created to the right axillary artery with a 7-mm Dacron graft. A temporary pacing device was inserted percutaneously via the left femoral vein to the right ventricle by a cardiologist.
A 38 mm Â 26 mm Â 270 mm, 5F custom-made Bolton Relay thoracic aortic endograft (Bolton Medical Inc, Barcelona, Spain) was inserted via the right common femoral artery. The endograft was advanced through the very tortuous upper abdominal aorta successfully. The endograft was deployed under rapid ventricular pacing in zone 0 of the ascending aorta distal to the coronary artery sinuses, across the arch and down to the proximal descending thoracic aorta (Figure 2A and B) . The branches were cannulated from the right axillary artery and left CCA conduits, respectively, and stented with Viabahn (W. L. Gore, Flagstaff, Arizona) stents ( Figures 2C and 3 ). An additional overlapping thoracic aortic endograft was deployed proximal to the origin of the coeliac axis ( Figure 2D and E). The LSA origin was occluded with a 14-mm Amplatzer (St Jude Medical, St Paul, Minnesota) plug. Completion angiography confirmed branch patency, no endoleak, and satisfactory abdominal runoff. The left CCA and right axillary artery conduits were ligated and all the wounds were closed. The activated clotting time was kept above 300 seconds throughout the endovascular part of the procedure. No reversal of heparin was required. Total estimated blood loss was just over 500 mL with 1 unit of blood recovered through the cell salvage.
The patient was nursed in the intensive care unit immediately postoperatively for 2 days before being stepped down to a surgical ward. The spinal drain was removed on day 3 in the absence of any neurological signs. Postoperative CTA on day 5 revealed patent IA and left CCA with no endoleak. The postoperative recovery was uneventful and he was discharged on day 6. He was reviewed in the outpatient clinic at 6 weeks and 7 months postoperatively with no major complaints. Surveillance CTA at 6 and 18 months postoperatively showed a stable aneurysmal sac, patent IA, left CCA and left carotid-subclavian bypass graft, and no endoleak (Figure 3) . A, Digital subtraction angiography shows the positioning of the main aortic endograft (white arrowhead) in the aortic arch in relation to the cervical vessels prior to its deployment. B, Digital subtraction angiography shows the deployed aortic main endograft (white arrowhead). Note the branches (dark arrow head) of the main endograft in relation to the cervical vessels. C, Fluoroscopic appearance following stenting of the branches of the main endograft from the right subclavian artery (to the innominate artery; white arrow) and left common carotid artery (dark arrow). Digital subtraction angiography before (D) and after (E) completion of endograft extension in the distal segment of the TAA. In (D), note that the filling of the aneurysmal sac (white arrow) with contrast before completion of distal endograft extension. In (E), the aneurysmal sac was excluded following completion of distal endograft extension (dark arrow) to the distal segment of the thoracic aorta, proximal to the coeliac axis origin. Note that the CA, SMA, RRA, and LRA remained patent. CA indicates coeliac axis; IA, innominate artery; LCA, left common carotid artery; LRA, left renal artery; LSA, left subclavian artery; RCA, right common carotid artery; RRA, right renal artery; RSA, right subclavian artery; SMA, superior mesenteric artery; TAA, thoracic aortic aneurysm.
Discussion
Open repair of aortic aneurysms involving all supra-aortic vessel origins as reported here would traditionally require aortic root replacement with extracorporeal bypass and deep hypothermic circulatory arrest. Such procedure would not only be associated with significant perioperative mortality and morbidity but also with blood loss requiring transfusion which was unacceptable by this patient. 1, 3 Hybrid repairs incorporating an elephant trunk repair or the fashioning of a neoinnominate surgical graft from the ascending aorta to the arch vessels remain invasive and associated with significant blood loss. Less invasive endovascular options including branched and fenestrated endografts as well as chimneys with or without debranching are potential options in selective cases with limited evidence. 1, 2 In this case, we thought that the fashioning of fenestration or a scallop was not an ideal option due to the reverse tapering and short length of the native landing zone. Therefore, we opted for a 2-vessel branched endograft. In our opinion, the configuration of the branched endograft, at least in this case, seemed more stable and less likely to be associated with type 1 endoleak than fenestrations or chimneys. The graft used in our patient was custom-made branch graft from Bolton Medical. Bolton branch sent graft is a custom-made nitinol stent sutured to polyester fabric. It has proximal clasping mechanism for optimal deployment. The precurved nitinol inner cannula helps navigation and orientation through tortuosity. The secondary sheath allows partial expansion of the stent with presumably less traumatic advancement through the arch. Together with the hydrophilic primary outer sheath, the secondary sheath also allows more controlled navigation through very tortuous segments in the thoracic aorta. It is this latter feature that attracted the author to choose this type of graft after studying the extreme angulation in the thoracoabdominal aorta as well as acute arch angle.
It is our routine practice to revascularize the LSA to reduce the risk of stroke except in some emergency cases. In our experience, surgical cutdown to these arteries and left carotid subclavian bypass in similar cases does not seem to be associated with increased risk of blood transfusion requirements.
Sonesson et al described a successful endovascular repair using an in situ fenestration technique for a contained rupture of an aortic arch aneurysm involving the origins of the arch vessels in a 62-year-old Jehovah's Witness man who declined blood transfusion. 10 A straight thoracic aortic endograft was deployed followed by creation of fenestrations in the main endograft with a 20-gauge special needle and then stented via their respective arch vessels. Therefore, antegrade cerebral perfusion with a temporary shunt and blood cooling from the left femoral artery to both CCAs was required between the deployment of the main endograft and creation of the fenestrations. In our case, shunting was not required as cerebral perfusion was maintained during cannulation and stenting of the arch branches. Furthermore, patients with type III arch are considered poor candidates for this technique. 11 The use of branched thoracic aortic endografts in aortic arch pathology have been described as early as in the 1990s. 6, 7 Overall, the development of this technique has been relatively slow, 1 partly reflecting the rarity of the problem and complexity of the treatment. Nevertheless, relatively recently there have been increasing reports on the development and use of branched endografts for aortic arch pathology involving arch vessels with promising early results. 2, 4, 12 This technique offers a potential alternative treatment option for patients with aortic pathology involving the aortic arch especially in those who are not fit for open surgery. However, further research and longterm outcome data are required.
Conclusion
We report a successful endovascular repair of a large thoracic aneurysm with hostile anatomy in a Jehovah's Witness patient using a custom-made 2-vessel branched TEVAR. Branched thoracic aortic endograft offers a safe, minimally invasive, and effective alternative repair of TAA with the involvement of the origins of supra-aortic vessels, especially in patients who are at high risk of open surgery.
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